Abstract The sorption characteristics of citric acid modified wood to remove copper and lead ions from aqueous solution under batch conditions have been investigated. Sorption was pH dependent with increasing uptake at higher pH values. The kinetics of sorption for both ions was rapid with 90% sorption taking place within the first 60 min regardless of its initial concentration. Sorption can be explained by a second-order kinetics model from which the rate constant, the equilibrium sorption capacity and the initial rate were calculated. From these parameters, the predictive models for Cu and Pb sorbed (q t ) in time t and at an initial concentration (C o ) are given by q t =C o t[0.31 C o )2.29+(0.04C o +5.19)t] and q t =C o t/[0.06C o )6.59+(0.01C o +4.48)t] for Cu and Pb, respectively. Using these models the predicted and experimental uptakes of Cu and Pb were compared and discussed. Maximum sorption capacities of modified wood under present experimental conditions were 23.70 and 82.64 mg/g for Cu and Pb, respectively. However, for untreated wood the corresponding values were 2.56 and 7.71 mg/g indicating a tenfold increase in sorption upon citric acid modification. Ethylene diamine tetraacetic acid and nitrilotriacetic acid complexed with both ions render sorption less favorably. However, salicylic acid had little influence. In a binary system, Pb ions were more favorably sorbed than Cu ions which could be due to the larger ionic radius of the former ions.
Introduction
The removal of heavy metals from aqueous solutions can be achieved by several methods. Ion exchange, chemical precipitation, membrane filtration, alum or iron coagulation and adsorption are some of the most commonly practiced processes. Adsorption with activated carbon is widely used for the removal of heavy metals at trace levels. Despite the versatility of carbon as an absorbent in water treatment, it remains costly. In recent years the use of low-cost materials as alternatives to carbon has been investigated as they can be obtained readily and are in great abundance. The sorption capacity of these biological materials could be enhanced by chemical modifications.
Apple wastes treated with phosphorus oxychloride showed improved efficiency in removing heavy metals (Maanon and Sastre 1991) . Dye-coated rice husks were effective in removing various cations in batch and column processes (Suemitsu et al. 1986 ). Jute and sawdust treated with reactive dyes showed similar sorption enhancement (Shkula and Sakhardande 1991) . Oil-palm fibers which had a relatively low affinity for metal cations in solution showed increased sorption capacity upon dye modification . Groundnut incorporated with ethylenediamine tetraacetic acid has been used to remove Cd and Pb ions (Okiemen et al. 1991) .
Citric acid modified starch and corn by-products were reported to improve copper binding (Wing 1996a (Wing , 1996b (Wing , 1997 . Citric acid derivatized soy protein has been similarly investigated (Wing 1997) . In these modification processes heat was used to convert citric acid into citric acid anhydride which combined with cellulosic hydroxyl groups to form an ester linkage and thus introduce carboxyl functional groups to the cellulosic materials. The additional carboxyl groups conferred the higher sorption capacity of these materials with positively charged metal ions. Further heat treatment could also result in cross-linking between two cellulosic molecules. Hence, modification of low-cost biological materials with citric acid would provide improved metal binding capacity and higher mechanical strength due to cross-linking. Citric acid modification of NaOH treated soybean hulls ) and citric or phosphoric acid treated corncobs (Vaughan et al. 2001) showed sorption enhancement of metal ions.
The use of modified wood to remove acid dyes and Cr(VI) has recently been reported (Low et al. 2000 (Low et al. , 2001 In our continued effort to use low-cost materials for the removal of organic and inorganic pollutants, we have investigated citric acid modified wood in its ability to remove Cu(II) and Pb(II) ions under batch conditions. These two heavy metal ions were chosen as they are commonly encountered in wastewater streams. Wood was chosen as it is cheap and easily available.
Materials and method
The wood, Pinus merkusii, was ground and passed through a 1.00 mm sieve. It was washed several times with distilled water and labeled as NW.
Preparation of citric acid-modified wood
The modification of wood was attempted by varying reaction time, temperature and the ratio of acid to wood. Based on its sorption of Cu(II) it was found that the optimum conditions for the modification of wood were 140°C reaction temperature, 30 min heating time and 1.2 M citric acid concentration. The product obtained was labeled as modified wood (MW).
Batch sorption experiments were conducted at room temperature (28±2°C) unless otherwise stated. In 20 ml of solution, 0.1 g of sorbent was agitated at 150 rpm for a predetermined period of time. At the end of contact time the mixture was filtered and the metal content of the filtrate was analyzed using an inductively coupled plasma-atomic emission spectrometer (Perkin Elmer P1000).
Controls without sorbent were simultaneously carried out to ascertain that sorption did not occur on the wall of the receptacle. All experiments were conducted in duplicate and the results given are the mean values.
The percent sorption was calculated as [C o )C t )/C o ]·100 where C o is the initial concentration and C t the concentration at time t.
Results and discussion

Effect of modification
The citric acid modification on wood involved an esterification process of the carboxyl groups of the citric acid and the hydroxyl groups of the wood surface (W s ) (Wing 1996a , Wing 1996b .
The esterification process increases the carboxylic content of the wood surface leading to a corresponding increase in the sorption of metallic cations. Table 1 shows a comparison of Cu sorption by wood treated under various conditions. Base-treated wood had higher sorption efficiency than non-treated wood. For citric acid modification, it was found that a base-treated wood resulted in higher sorption than non-treated wood. According to Marshall and John (1996) , treatment with NaOH increased the net negative charge on the surface of agricultural materials (soybean and cottonseed hulls) as a result of the interactions between the base and pectic substances. Sorption enhancement could also be caused by the de-esterification and removal of tannins and hence leaving more sites for metal sorption (Wafwoyo et al. 1999 ).
Effect of pH
The study of pH on metal uptake is important in establishing the optimum pH for the sorption of metal ions at the solid-liquid interface. The role of hydrogen ion concentration was examined from solutions containing Cu and Pb ions in the range of pH values from 2.10-6.15 and the results are shown in Fig. 1 . Both NW and MW showed a similar trend of sorption for both ions. The sorption increased with increasing pH value. However, NW possessed lower sorption capacity than MW in the range of pH investigated. At low pH values the removal of both types of ions were suppressed by H + ions that surrounded the surface of the sorbent hindering the approach of metal cations to the carboxylate groups present on the surface of MW. The protonation of the carboxylate groups would also reduce the sorption. At higher pH values the uptake increased accordingly due to an increase of available sorption sites. Limiting pH values for Cu and Pb at the concentration range investigated were 6.10 and 6.15, respectively. Higher values resulted in the precipitation of insoluble metal hydroxide, thus making sorption studies impossible. All subsequent experiments were carried out without pH adjustment at 5.30 unless otherwise stated.
The sorption of metal ions at the surface of MW was proposed to be an ionexchange in nature based on the observation that the final pH value of the solution after sorption was in the range of 2.2 to 3.3 caused by the release of H + ions.
Effect of initial concentration
The effect of contact time on the uptake of Cu and Pb at various initial concentrations is shown in Figs. 2 and 3 respectively. The curves show rapid initial rate of sorption and reached equilibrium in less than 120 min regardless of initial concentration. Relatively short contact time for sorption would indicate that chemisorption is probably important (Poots et al. 1978) . The removal of Cu decreased from 75.2 to 58.1% as the initial concentration increased from 60 to 150 mg/l whereas Pb removal decreased from 85.5 to 57.8% in the concentration range of 200 to 600 mg/l indicating that sorption was highly concentration dependent. A higher initial concentration resulted in a higher driving force for transport of Pb ions from the bulk solution to the liquid surface resulting in a higher sorption capacity (Roy et al. 1993; Bhargava and Sheldarkar 1993) .
Effect of agitation rate
The effect of agitation rate on the extent of Cu removal is shown in Fig. 4 . In the range of 50-250 rpm no significant increase in uptake was observed with increasing agitation rate. The effect of increasing the agitation rate was to decrease the boundary layer effect and hence reduce the film resistance to mass transfer surrounding the sorbent particles as agitation rate typically influences external transport steps (McKay et al. 1980) . However, within the range studied, no significant effect towards the rate of uptake was observed, indicating that the external film mass transfer was not limiting in the present study. The Pb uptake as a function of agitation rate was similar to that of Cu (not shown).
The same finding was also reported by Findon et al. (1993) in their study on the sorption of Cu(II) by chitosan.
Sorption kinetic studies
Various kinetic models have been used to describe the reaction order of sorption. In the present study, a pseudo second-order equation of the sorption of Pb ions on modified wood is described (Ho and McKay 2000) . It may be represented in the following form: 
where q t and q e are the amounts sorbed at time t and at equilibrium (mg/g), respectively, and h is the initial sorption rate (mg/gmin) with h=k q e 2 where k is the rate constant of sorption. Plots of t/q t versus t for the sorption of Cu and Pb on MW for various concentrations are shown in Figs. 5 and 6, respectively. The various rate parameters associated with Cu and Pb at various concentrations are shown in Table 2 . The value of rate constant, k, increases from 1.77·10 )2 to 7.53·10 )2 g/mg/min when the initial Cu solution increases from 150 to 50 mg/l and from 4.40·10 )3 to 3.09·10 )2 g/mgmin for a decrease in the initial concentration of Pb solution from 600 to 200 mg/l. A similar observation was noted by Ho and McKay (2000) in their study on the sorption of metals by sphagnum moss peat.
A kinetic model has been developed and fitted for the sorption of Cu and Pb onto the surface of MW by using a rearranged integrated pseudo second-order rate law expressed as below:
According to Ho and McKay (2000) , the corresponding linear plots of the values of q e , k and h against C o can be regressed to obtain expressions for these values in terms of initial concentration (Table 3) . These parameters can be expressed as a function of C o for Cu and Pb on MW as follows: 
The theoretical model derived for Cu sorption at concentrations of 50-150 mg/l was applied to the uptake of Cu at 200 mg/l and the result was compared to the experimental values; a similar application was also carried out for Pb at 800 mg/l. The results are shown in Figs. 7 and 8 for Cu and Pb, respectively. It can be seen that both experimental and theoretical values agree very well in both cases. 
Sorption isotherms
The sorption of metal ions by MW is a function of the equilibrium ion concentration in solution at constant pH and temperature. Various models have been used to describe such a relationship. They include Langmuir, Freundlich and Brunauer-Emmett-Teller isotherm models. Various assumptions are made depending on the choice of model. Kapoor and Viraraghaven (1995) stressed that these models were originally developed for gas sorption on surfaces and their application to metal sorption must be treated with caution. In spite of their limitations, they provide information on the sorption capacity of the processes. The sorption data in the present study was applied to a Langmuir isotherm model of the form:
C e /q e = 1/q*b + C e /q* where q * is the maximum sorption capacity of the metal ion-wood system and b is a constant related to the energy of sorption.
Plots of C e /q e versus C e for both sorption processes of Cu and Pb on NW and MW are shown in Fig. 9 . The maximum sorption capacities of MW and NW for Cu are 23.70 and 2.56 mg/g and for Pb 82.65 and 7.71 mg/g, respectively. The higher sorption of MW could be attributed to the introduction of carboxylate groups on the surface of wood materials and hence increased its binding sites. According to Wong (2001) , metal uptake was reduced significantly upon esterification of MW.
The maximum sorption capacity of MW for Cu and Pb is compared with some other sorbents found in literature and the results are shown in Table 3 . It compares favorably with most systems. As wood and citric acid are inexpensive and easily available there is potential in using MW for the removal of Cu and Pb in aqueous matrix. Effect of chelating agents Salicyclic acid (SA), nitrolotracetic acid (NTA) and ethylene diammine tetraacetic acid (EDTA) are commonly found in the environment and were investigated to determine their influence on the sorption of Cu and Pb by MW; the results are shown in Table 4 . Equilibrium is influenced by the nature of the chelators and also by free and complexed metal in solution (Table 5) . Salicylic acid (logK 1 =5.5) shows an enhancing effect for both metals as the mole ratio was increased from 1:1 to 1:5. It is not clear how this synergistic effect was brought about at this stage as earlier investigations on other biological materials either showed no or very little suppressing effect on metal uptake (Low et al. , 1994 . Nitrilotriacetic acid (log K 1 =9.80) and ethylene diammine tetraacetic acid (logK 1 =16.28) compete more effectively with the binding sites of both metal ions. Within experimental errors, the results showed that where the ratio of EDTA/metal was greater than 1:1 practically no metal could be bound onto the surface of MW.
Co ion effect
A binary system of Cu and Pb was investigated to ascertain whether or not sorption of both metal ions by MW was competitive. The comparison was calculated on a molar basis as that would provide a measure of the total number of metal ions sorbed and the total number of sites available on the sorbent to each metal (Allen and Brown 1995) . The sorption capacity of MW for Cu and Pb in single and binary systems are shown in Table 6 . Pb ions were more favorably sorbed compared to Cu ions. Sorption was slightly affected when the molar ratio was 1:1. However, as the ratio further increased, the uptake was progressively decreased. Generally, metal ions of larger ionic radii would reduce the electrostatic nature of the metal, which is an inverse function of the ionic radius. The larger the ionic radius, however, favored more covalent nature in the interaction between the metal ion and the functional groups on the sorbent (Lau et al. 1999) . Pb ions with an ionic radius of 1.18 were hence preferentially sorbed than Cu ions with an ionic radius of 0.72 for all binary systems.
Conclusion
This study shows that although natural wood could sorb metal ions, its sorption capacity can be enhanced by citric acid modification. As wood is cheap and readily available it can be considered an attractive alternative to the more expensive technologies used for treatment of wastewater containing Cu(II) and Pb(II). However, the full potential of this application can only be realized after a flow study has been undertaken. Such a study is currently being investigated. 
